A method is proposed for the determination of selenium at low concentration in coal by collision/reaction cell technology inductively coupled plasma mass spectrometry (CRC-ICP-MS). Samples were decomposed by high pressure microwave-assisted wet digestion Selenium determination was performed in certified reference materials of coal (NIST 1635 and SARM 20) and an agreement better than 95% was observed between the results obtained by CRC-ICP-MS and the certified values. Under optimized conditions, the instrumental limit of detection was 0.01 µg L -1 and the method limit of detection was 0.01 µg g -1 , which was suitable for Se determination at very low concentration in coal.
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Introduction
Coal has been used worldwide as an energy source in thermoelectric power plants, in industries for vapor generation, as a fuel for some transportation systems, among other uses.
Elements, such as selenium can be present in coal. These elements can be released to the atmosphere during coal combustion or can be concentrated in the inorganic fraction [1, 2] .
Selenium is a naturally occurring element that is an essential trace element of fundamental importance to human biology but can be toxic at high concentrations [3] . On the other hand, Se can be recovered from coal and coal combustion products to be used in industrial applications [4, 5] . However, the development of analytical methods to provide the determination of this element in low concentration is still a challenging task, due to the difficulty to digest coal, as well as the drawbacks involved in Se determination.
Most of the studies have reported the determination of Se in coal by atomic spectrometric techniques, such as atomic fluorescence spectrometry (AFS), hydride generation atomic absorption spectrometry (HG AAS) [6] , and inductively coupled plasma optical emission spectrometry (ICP-OES) [7, 8] . However, these techniques present some disadvantages, such as relatively poor limits of detection (LODs) and low throughput.
Inductively coupled plasma mass spectrometry (ICP-MS) is frequently used for multielement determination in coal, providing low LODs and a wide linear range [7] [8] [9] . However, ICP-MS has also some limitations such as the occurrence of spectral and non-spectral interferences [10] . The plasma gas (Ar), matrix components and solvent ions, can generate polyatomic interferences [10, 11] . Selenium presents six isotopes ( 74 Se, 76 Se, 77 Se, 78 Se, 80 Se and 82 Se) and all of them have potential interferences. As can be seen in Table 1 , major interferences are argon-based molecular ions [10, 12] . In order to overcome these interferences, some approaches such as the use of (i) mathematical corrections, (ii) cold
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4 plasma conditions, and (iii) collision/reaction interface have been proposed [13, 14] .
Alternatively, technologies such as high resolution sector field ICP-MS (HR-SF-ICP-MS) and
triple quadrupole ICP-MS (ICP-MS/MS) can also be applied for interferences correction.
However, these instruments have higher cost than quadrupole-based instruments, and are therefore more difficult to be implemented in routine laboratories [15] [16] [17] [18] . Table 1 Collision/reaction cell technology (CRC) has been widely used to minimize the argonbased interferences in ICP-MS determination [19, 20] . In this case, a collision/reaction gas (helium, hydrogen, ammonia, oxygen, methane) is injected into the cell, which collides and reacts with polyatomic ions. By different ion-molecule collisions followed by kinetic energy discrimination (KED) and ion-molecule chemistry, polyatomic ions are converted into noninterfering species that are ejected from the cell. In addition, the analyte can also be converted into another ion that is not prone to interference [19] . This technology has been successfully applied to the determination of Se in various matrices [21] [22] [23] [24] [25] . However, there is a lack of works showing the application of CRC for Se determination in a difficult matrix as coal. This is particularly challenging when considering the difficulties for the digestion of coal.
Microwave-assisted wet digestion (MAWD) is the most frequently used method for coal digestion [7, 8, 21, [26] [27] [28] . Coal digestion usually requires a high amount of concentrated acids, as HNO3, HF and HCl and high temperature and pressure. However, the final digests can present a high residual acidity and carbon content, which can cause interferences [29] .
High carbon content can cause signal enhancing effects due to charge transfer reactions involving carbon-containing charged species in the plasma [30, 31] . Moreover, hydrofluoric acid can damage the nebulizer and quartz torch of the spectrometric techniques, requiring a A C C E P T E D M A N U S C R I P T 5 dilution step, which impairs the method limit of detection. In addition, the sample mass that can be digested is usually in the range of 200 to 300 mg [32] [33] [34] .
In this sense, the aim of this work was to demonstrate the feasibility of CRC-ICP-MS with hydrogen as a collision/reaction gas for Se determination at low levels in coal after decomposition by MAWD. The hydrogen flow rate and the parameters of the cell were evaluated in order to find the best conditions. The accuracy was evaluated by using certified reference material (CRM) of coal and by comparison with results obtained by ICP-MS monitoring the most abundant Se isotope with less interference at m/z 82.
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Table 2
Additionally, an inductively coupled plasma optical emission spectrometer (model Spectro Ciros CCD, Spectro Analytical Instruments, Germany) was used for the measurement of carbon content in digests. The instrument was equipped with a cross-flow nebulizer coupled to a Scott double-pass type spray chamber. Radiofrequency (RF) power and plasma, auxiliary and nebulizer gas flow rate were set at 1300 W, 12.0, 1.0 and 1.0 L min -1 . Carbon content in digests was determined by using the wavelength 193.030 nm and Y at 371.029 nm was used as internal standard [35, 36] .
Coal was digested by MAWD using a microwave oven (Multiwave3000 ® , Microwave
Sample Preparation System, Anton Paar, Austria, software version v1.27-Synt) equipped with up to sixteen PTFE vessels with 100 mL of internal volume and maximum operational temperature and pressure of 220 °C and 40 bar, respectively. An analytical balance (AY 220, Shimadzu, Japan, 220 g, 0.0001 g of resolution) was used for weighing samples.
Total acid concentration in digests was determined by titration using an automatic titrator (Titrando 836, Metrohm, Switzerland) equipped with a module for automatic stirring (803 Ti Stand, Metrohm), a dosing device of 20 mL (Dosino 800, Metrohm) and a combined pH electrode (6.0262.100, Metrohm).
Reagents and samples
Water was purified using a Milli-Q system, (Millipore, USA, 18.2 MΩ cm) and it was used to prepare all standard solutions and reagents. Concentrated HNO3 (65%, 1.4 kg L -1 , Merck, Germany) was distillated in a sub-boiling system (DuoPur, Milestone, Italy), which was used for MAWD and for the preparation of reference solutions. Hydrofluoric acid (40%, 
CRC-ICP-MS optimization
Initial optimization was based on the signal intensities for Se isotopes and for the background, using H2 into the collision cell. The effect of H2 gas flow rate introduced into the CRC on the signal to noise (S/N) ratio of Se isotopes was evaluated. This study was performed using a reagent blank prepared with 5% HNO3 and a digested coal sample ( from 0.05 to 0.9. After optimization, conditions described in Table 2 , were selected and the digested samples and CRMs were analyzed. [10] . In this way, Se determination by standard mode ICP-MS was performed by using 82 Se and the results are shown in Table 3 . In addition, Table 3 also shows the concentration of possible interferences and elements that are usually present at high concentration in coal, such as Br, Fe and Pb. Bromine content in coal samples was determined by ICP-MS after digestion by microwave-induced combustion, following previous works [37, 38] . The concentration of Fe was determined by ICP-OES and Pb by ICP-MS in digests obtained after MAWD.
Results and Discussion
Table 3
Results obtained for coal samples showed that Se content in analyzed coals was relatively low ranging from < 1.5 to 5.87 µg g -1 . Selenium can occur in coal in inorganic and organic form. In addition, Se can also occur bonded with carbon [5] . The sulfidic form of Se is present in association with pyrite (FeS2) and the selenidic form as clausthalite (PbSe) [5] . It
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10 was possible to observe that coal samples that have higher Se concentration, such as coal "A"
to "E", showed also higher concentration of Fe (2570 to 16650 µg g -1 ) and Pb (about 22.5 and
, that is in agreement with previous literature [5] . In addition, it was possible to observe that coal samples E, F and J have a high Br content (22.6 to 62.2 µg g -1 ), which could cause interferences. Selenium concentrations in coal "G" to "J" and in both CRMs were below the limit of detection (LOQ) obtained by standard mode ICP-MS, indicating the necessity of developing a method with lower LOQ for Se determination in coal.
Additionally, the determination of carbon content and residual acidity on digests obtained by MAWD was performed. Carbon content and residual acidity for all samples were about 2000 mg L -1 and 70%, respectively. Considering the dilution factor of 10, required for the dilution of hydrofluoric acid present in digests, no interference was observed for coals "A"
to "F" by ICP-MS, which is in agreement with previous work [30] .
Accuracy was evaluated by spike recovery experiments. In this study, specific Te solution) were added to the coal sample inside the decomposition vessel prior to the addition of the digestion solution. Spike recoveries were better than 96% for all coal samples.
CRC-ICP-MS optimization
The collision/reaction cell was designed to be positioned in the interface between the ion lens and the quadrupole mass spectrometer. This approach allows the injection of gases into the cell that cause the collapse of polyatomic ions through the physical collision and/or reaction between the gas molecule and polyatomic ions [19] . Selenium determination by ICP-MS is seriously impaired by spectral interferences due to argon-based interferences [10] . The use of CRC-ICP-MS with hydrogen gas can minimize these interferences, allowing Se to be measured at the most abundant isotopes (at m/z 80 and 78). Nowadays, the possibility of
placing the CRC in between two quadrupole mass analyzers (ICP-MS/MS) also exists, reducing even more polyatomic interferences [18] .
The influence of H2 gas flow rate used in the cell was investigated. Se) in a 10 times diluted digested coal sample at different H2 flow rates. A blank solution prepared in 5% HNO3 was also measured in the same way, in order to find the conditions providing the best signal to noise (S/N) ratio. Fig. 1 Se, respectively. Therefore, the H2 gas flow rate was kept at 4.8 mL min -1 for Se determination.
Parameters of the cell can also be used when optimizing this device for the minimization of specific interferences. The rejection parameter RPq of the cell was also adjusted. The RPq parameter controls the low-mass cut-off regions inside the cell [39] .
Organic species present in samples can decompose in plasma to their most basic components: C + , H + , and O + . These species enter the cell where they can react to form a variety of
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hydrocarbon species at different masses [10, 11] . Adjusting the RPq value it is possible to control the chemistry inside the cell by ejecting the matrix species ions before they can react to form new interferences. In this sense, the RPq value was evaluated from 0.05 to 0.9. The best S/N ratio for the four Se isotopes evaluated in this work was by using an RPq value ranging from 0.35 to 0.45, and it was thus set at 0.45.
In addition, in order to investigate the occurrence of new polyatomic interferences caused by the reaction between concomitant matrix elements and the hydrogen gas used in the CRC, a study was performed. Se. For Se at m/z 80 an increase of signal intensity was observed only at high concentrations of Br (500 µg L -1 ) and at flow rates higher than 3 mL min -1 ( Fig. 2 -A 
13 increased only when a solution of 500 µg L -1 Ge was used, which caused the formation of 76 Ge 1 H + . Fig. 2 
Analytical figures of merit
After optimization of the CRC-ICP-MS method, general analytical figures of merit were evaluated. Table 3 shows the instrumental limits of detection (LOD, 3σ), which was estimated based on ten measurements of an analytical blank. Table 4 also shows the linear calibration range and the correlation coefficients (R 2 ) for the four Se isotopes studied in this work.
Table 4
For 80 Se and Se, so that the improvement cannot be explained only by
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14 the ability to measure a most abundant selenium isotope, but it is also related to the interference reduction. It is important to emphasize that the LODs presented in Table 4 In addition, Table 5 shows a comparison with the instrumental LODs found in the literature using other Se determination strategies. As can be seen, the LOD presented in this work compares favorably with the majority of them. In some cases, a better LOD was achieved, but by using NH3, CH4, O2 or a mixture of He and H2 in the cell [22, 24] and by using technologies such as HR-SF-ICP-MS and ICP-MS/MS [40] [41] [42] . In addition, only one work was found for coal [21] , but the LOD was about ten times higher than that found in the present work.
Table 5
In order to evaluate the accuracy of the proposed method, the digestion of CRMs of coal (NIST 1635 and SARM 20) was performed by MAWD and Se was determined by CRC-ICP-MS under optimized conditions. Results are shown in an increase on the signal [39] . For 77 Se this increase was not observed, possibly due to the formation of 76 Ge 1 H + to be less likely to occur, once Ge is usually at low concentration in coal [1] .
A C C E P T E D M A N U S C R I P T Table 6 3.
Determination of Se in coal by CRC-ICP-MS
The determination of Se was performed in other coal samples, after optimizing the conditions of the CRC-ICP-MS method. Coal samples were digested by MAWD using 250 mg of sample and a mixture of 5 mL of 14.4 mol L -1 HNO3 and 1 mL of 40% HF. Table 7 shows the concentration of Se in coal samples determined by CRC-ICP-MS and the results obtained by ICP-MS without the collision/reaction cell, monitoring the m/z 82.
Table 7
A statistical difference (t-test, 95% of confidence level) was observed between results obtained by ICP-MS without using the CRC and by monitoring 77 Se in coal "B", "C" and "D", 80 Se in coal "F" and 82 Se in coal "B", "C", "D", "E" and "F". In addition, it can be observed that the concentrations obtained monitoring 82 Se by CRC-ICP-MS were higher in all samples. As mentioned before, the use of H2 in the CRC can cause other polyatomic interferences as a result of the reaction of hydrogen with matrix ions that entered the cell. A possible reason is due to the possible combination of H2 gas with Br from the matrix forming polyatomic ions such as 79 Br 1 H + and 81 Br 1 H + , leading to a new polyatomic interference and higher results for these isotopes. To corroborate this hypothesis, Br content in coal samples was determined by ICP-MS after digestion by microwave-induced combustion, following previous works [37, 38] (results shown in Table 3 
Conclusions
It was demontrated that the collision/reaction cell technology is a powerful tool to overcome spectral interferences at the most abundant isotopes of selenium. Hydrogen gas can effectively minimize the spectral interferences of the argon-based polyatomic ions at m/z 77, 78 and 80. However, it was possible to observe that the use of H2 in the cell can cause polyatomic interferences with argon-, matrix-and solvent-based ions that entered the cell, which impaired Se determination using 77 A C C E P T E D M A N U S C R I P T 22  The limit of detection was 50 times better than that obtained using the standard mode ICP-MS.
